Abstract. The treatment of metastatic renal cell carcinoma (mRCC) has evolved markedly over the past several decades; first with the introduction of targeted therapies and more recently with data supporting checkpoint inhibition. However, the vast majority of studies to date have explored the benefit of agents specifically in the context of clear cell disease. For the estimated 15-20% of patients with non-clear cell histology, there is little consensus around best practice. Herein, we discuss emerging datasets providing biologic characterization of non-clear cell RCC and identify trials that exploit this biology.
INTRODUCTION
Biologic classification of clear cell renal cell carcinoma (RCC) has transformed clinical outcomes for patients with metastatic RCC (mRCC). First, recognition of mRCC as a disease propagated by immune evasion fueled the development of high-dose interleukin-2 (HD IL-2). The US FDA approval of HD IL-2 marked a key milestone, but admittedly, only a small proportion of patients obtained a durable response with this strategy [1, 2] . The next landmark development exploited alterations in the Von Hippel Lindau (VHL) gene, estimated to be altered in more than half of patients with this disease [3] . VHL protein was noted to play a role in degradation of hypoxia inducible factor (HIF) and accumulation of HIF in the context of VHL alteration led to increased production of vascular endothelial growth factor (VEGFR) [4] .
Multiple agents have been devised to block VEGF and its downstream mediator, the mammalian target of rapamycin (mTOR), inhibiting angiogenesis and other pro-tumor processes [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] .
After treatment with VEGF-directed therapies, resistance mechanisms have been identified including immune escape with fluxes in cytokines and immune cell subsets (e.g., myeloid derived suppressor cells [MDSCs] ) [15] . Checkpoint inhibitors (programmed death-1 (PD-1) and cytotoxic T-lymphocyte associated protein 4 (CTLA4)) have significant efficacy in clear cell disease and other receptor tyrosine kinases (RTKs), such as MET, AXL, and fibroblast growth factor receptor (FGFR) may also serve as bypass mechanisms [16] [17] [18] [19] . Agents such as cabozantinib exhibit dual blockade of VEGFR, MET, and AXL, and the recently approved lenvatinib administered with everolimus blocks VEGFR and FGFR [20, 21] .
The paradigm for clinical development in nonclear cell RCC has been relatively straightforward to date. Agents developed for non-clear cell mRCC have been applied in groups of patients with mRCC, but the results thus far have been rather dismal. Although the phase III assessment of temsirolimus did permit patients with non-clear cell histology, this represented only a small subset of the overall study population [22] . The approach taken thus far fails to acknowledge that mRCC is a heterogeneous disease with each subtype bearing a distinct biology. Herein, we focus on several subtypes for which sufficiently large genomic datasets are available. We then discuss therapeutic approaches that are in place to cater to some of the more common non-clear cell histologies, such as papillary disease.
GENOMIC DATA FOR NON-CLEAR CELL RCC

Papillary RCC
The Cancer Genome Atlas (TCGA) investigators have reported an assessment of 161 papillary RCC specimens using several methods including whole exome sequencing, DNA methylation analysis, messenger RNA (mRNA) sequencing, and proteomic analysis [23] . Notably, most patients in this cohort (71%) were characterized as having non-metastatic disease and only 3% of patients were noted to have metastases; with the remainder of patients having unknown staging [23] . The most notable alterations cited in this cohort included mutations in the MET proto-oncogene in type I patients and NRF2-ARE mutations in patients with type II disease [23] . CDKN2A loss was also more frequent in the latter group [23] .
Our group has recently reported data pertaining to a similarly sized cohort of 169 patients with papillary RCC who had genomic profiling completed though a CLIAA-certified laboratory (Foundation Medicine, Inc.; Cambridge, MA) [24] . The series reflects to a greater extent patients with advanced disease; 61% of patients are stage IV, while 21% of patients are stage III [24] . A minority of patients (13%) were defined as having stage I or II disease [24] . This distinction yielded key differences in the ascertained genomic profile. Patients in our study (both type 1 and 2) had a higher frequency of MET mutation and copy number alteration [24] . Certain potentially actionable mutations, such as NF2 or SMARCB1, were considerably more frequent in type 2 disease in our study [24] . Elements in the SWI/SNF pathway (including SMARCB1, SMARCA4, PBRM1, ARID1A, ARID1B and ARID2) were more common in type 2 disease as well [24] .
Chromophobe RCC
Chromophobe RCC is less frequent than papillary RCC representing approximately 5% of all cases [25] . The TCGA investigators have also reported an assessment of 66 patients with chromophobe RCC [26] . The most frequently noted alterations were in the TERT promoter region [26] . Assessment of mitochondrial DNA in this effort led to the suggestion that changes in mitochondrial function may play a role in disease biology [26] . Casuscelli and colleagues have recently reported an even larger dataset including 79 patients with chromophobe RCC, uniquely including 38 patients with metastatic disease [27] . In the overarching dataset, the most frequently noted alterations were in TP53 (39%), PTEN (15%), ATM (9%), and ARID1B (9%) [27] . Amongst patients with metastatic disease with associated clinical followup, it was noted that the presence of any one of 3 alterations (TP53 mutation, PTEN mutation, or imbalanced chromosome duplication) were associated with dismal outcome [27] .
Collecting duct RCC
Collecting duct RCC represents an extremely rare subtype with a fatal prognosis. Clinically, the disease behaves in a manner similar to metastatic urothelial cancer and the conventional approach to treatment of metastatic disease entails use of platinating agents [28] . Analysis of 17 patients using an aforementioned CLIAA-certified platform (Foundation Medicine, Inc.; Cambridge, MA) identified frequent alterations in NF2 (26%) and SMARCB1 (20%), both potentially targetable entities [29] . Wang et al. have published a smaller series of 7 patients with collecting duct carcinoma with available tumor and paired normal tissue [30] . A highlight of this report was the identification of CDKN2A alteration in 3 samples [30] . Notably, SLC7A11, a gene associated with cisplatin resistance was identified in 4 out of 5 patients assessed [30] .
Sarcomatoid RCC
Sarcomatoid disease reflects a histologic subtype that can be admixed with any other subtype of RCC [31, 32] . The presence of sarcomatoid features (and the extent of involvement) correlates with poorer clinical outcomes [33] [34] [35] . Malouf and colleagues have characterized a series of 26 patients with sarcomatoid RCC with comparison of genomic data to an additional 56 patients with clear cell RCC [36] . Comparison to clear cell, papillary, and chromophobe datasets in the TCGA were also performed [36] . The most common alterations in this cohort were in TP53 (42.3%), VHL (34.6%), CDNK2A (26.9%), and NF2 (19%) [36] . These data complement a study from our group including 8 patients assessed using RNA sequencing [37] . In this series, upregulation of aurora kinase signaling was noted in sarcomatoid tissue components and increased activity was correlated with increased activation of mTOR pathways [37] .
Unclassified RCC
Unclassified RCC represents a distinct histologic entity with no standard therapy established. A recent trial reported by Voss et al. assessed a regimen of bevacizumab with everolimus in 35 patients with non-clear cell mRCC; interestingly, the vast majority of patients enrolled had unclassified disease (n = 23) [38] . Many patients classified as having this diagnosis did demonstrate papillary features, but all diagnoses were independently confirmed. Response rate and progression-free survival (PFS) in this cohort was 29% and 11 months, respectively. In the cohort of patients with unclassified disease, the presence of papillary features was strongly associated with response.
THE CLINICAL RESEARCH PARADIGM FOR NON-CLEAR CELL RCC
Histology inclusive trials
A challenge in interpreting the existing landscape of therapeutic data for non-clear mRCC is that most randomized studies to date include a large mix of histologies. This is demonstrated by the randomized, phase II ESPN trial, comparing sunitinib and everolimus in patients with either papillary, chromophobe, unclassified, translocation (Xp11.2), or clear-cell with ≥20% sarcomatoid features [39] . The study was projected to include 108 treatment-naïve patients with metastatic disease, but was terminated after enrollment of less than 80 patients [39] . No significant difference was appreciated in PFS or overall survival (OS), although the trend in both of these statistics favored sunitinib [39] . A breakdown by histologic subtype reveals a very small number of patients in each subgroup [39] . Papillary disease was best represented, with 28 patients total, but less than 20 patients in the cohort had chromophobe, unclassified, translocation, or sarcomatoid renal cell carcinoma [39] .
The ASPEN clinical trial employed a similar trial design, albeit including a more limited array of histologies [40] . The study ultimately enrolled 108 patients with either papillary, chromophobe, or unclassified disease [40] . Like the ESPN trial, patients were randomized to either receive sunitinib or everolimus [40] . The study met its primary endpoint, suggesting that that sunitinib was associated with a significantly improved PFS, increasing PFS from 5.6 to 8.3 months (HR 1.41 [95% CI 1.03-1.92]; P = 0.16) [40] . Again, however, each subgroup included a small number of patients, with 70, 16, and 22 patients with papillary, chromophobe and unclassified disease, respectively [40] .
A third randomized study, RECORD-3, was not specific to patients with non-clear cell disease [41] . In a cohort of patients with mRCC of any histology, patients were randomized to receive either sunitinib or everolimus, but with crossover at the time of progression (distinguishing this study design from ASPEN and ESPN) [42] . Amongst 66 patients with non-clear cell histology, a non-significant trend was seen towards improvement in PFS with sunitinib versus everolimus (7.23 months vs 4.09 months; HR 1.54 [95% CI 0.86-2.75]) [42] . To our knowledge, no data is available regarding the histologic breakdown of this cohort -given this caveat, as with the aforementioned randomized trials, it is challenging to make an informed statement regarding optimal therapy for specific subtypes of non-clear cell RCC.
Histology specific trials
Histology specific trials for non-clear cell RCC have the benefit of including patients with a uniform biology. However, there are certainly challenges in accruing to studies in these relatively uncommon subsets. Using papillary RCC as an example, several single-arm studies have been performed using MET inhibitors. These studies build on the genomic data outlined previously, which highlight an increased incidence of MET mutation and copy number alteration in both type 1 and 2 disease.
Foretinib, a dual inhibitor antagonizing both VEGFR and MET, was examined in a cohort of 74 patients with metastatic papillary RCC [43] . Response rate in the overall cohort was 13.5% and PFS was 9.3 months [43] . Notably, median survival in the cohort was not reached [43] . Correlative studies included an assessment of germline MET mutation and it appeared that patients bearing this mutation had a much higher rate of response (50% vs 9%) [43] . This was the first study to suggest a potential signal of activity in a subpopulation of patients enriched by MET status [43] . A similar signal was seen in the European Organization for the Research and Treatment of Cancer (EORTC) CREATE study [44] . This basket study included a cohort of patients with type 1 papillary RCC treated with the ALK inhibitor crizotinib; notably, the agent is also noted to antagonize signaling through MET [44] . Amongst 4 patients that were noted to have MET alterations, 2 responses were observed (50%) [44] . No responses were observed amongst 16 patients with MET negative status or amongst 3 patients with MET indeterminate status [44] .
The purest and most potent MET inhibitor examined in the clinic to date, savolitinib, was also assessed in a single arm trial for papillary RCC patients [45] . This study, the largest to date, included 109 patients with any number of prior therapies (excluding MET inhibitors) [45] . The study demonstrated a PFS advantage amongst those patients deemed to have MET driven disease, a composite including MET copy number, HGF gene amplification, or MET kinase domain mutations [45] . Specifically, PFS was 6.2 months amongst patients with MET driven disease, as compared to 1.4 months with non-MET driven disease (HR 0.33; [95% CI, 0.20-0.52]; P < 0.001) [45] .
Two randomized trials will prospectively assess the rationale for MET targeting in patients with papillary RCC. The first, Southwest Oncology Group (SWOG) 1500, will randomize patients with papillary mRCC to either sunitinib, crizotinib, cabozantinib, or savolitinib [46] . Sunitinib was selected as a control based on the ESPN, ASPEN, and RECORD-3 trials given that the agent was modestly superior to everolimus in each trial despite the noted shortcomings of these studies [39] [40] [41] . It is further notable that sunitinib has been selected as a preferred choice for nonclear cell disease on the basis of these datasets [47] . Rationale for savolitinib and crizotinib is based on the aforementioned single arm studies [45] . Finally, cabozantinib was selected as a comparator given the well-demonstrated role of this drug as a MET inhibitor. In clear cell mRCC, cabozantinib has been shown to be superior to sunitinib and everolimus in both the first and second-line settings, respectively [48] . The study will include a total of 180 patients, and estimates a PFS of 6 months with sunitinib [46] .
The study is designed to compare each experimental agent to the comparator arm, with an encouraging response rate in the experimental arm considered to be greater than 10.5 months [46] . In an effort to ensure type 1 papillary patients are enrolled (which would theoretically enrich the study population for MET alterations), an effort will be made to limit recruitment of type 2 patients to roughly one quarter of the study population [46] . Rich correlatives will be conducted to accompany the study, including next generation sequencing of baseline tumor specimens for all patients enrolled [46] .
A second trial, SAVOIR, is an industry led effort that will first subject untreated patients with papillary mRCC to genomic profiling at baseline [49] . Patient with MET driven disease will be randomized to receive either sunitinib or savolitinib. Prior systemic therapy with agents other than sunitinib or other MET inhibitors is permitted. The study is identical in size to SWOG 1500 with a plan to randomize 180 patients.
CONCLUSION
The biologic studies cited herein underscore the diversity of non-clear cell RCC. The four histologies discussed -papillary, chromophobe, collecting duct, and sarcomatoid -by no means represent an all-inclusive list. Genomic datasets are emerging to characterize entities such as Xp11.2 (translocation) RCC and rhabdoid disease. For some of the exquisitely rare subtypes of RCC, it is challenging to foresee large randomized trials to validate optimal therapies. Still, smaller phase II efforts with strong biologic rationale (e.g., application of CDK4/6 inhibitors in collecting duct RCC given frequent CDKN2A alteration) is one way to move forward. For more prevalent subtypes such as papillary, we have highlighted some of the trials that focus on disease biology (e.g., SWOG 1500 and SAVOIR) [46, 49] .
The ability to conduct these focused trials is limited by several factors. The availability and quality of drugs associated with specific molecular alterations is often suboptimal. The association between papillary RCC and MET biology has long been known [50] [51] [52] . Several years ago, the SWOG 1107 trial was launched for patients with papillary RCC using a parallel, two-arm design evaluating erlotinib with ARQ197 or ARQ197 alone [53] . The results of the study were dismal, with no responses observed on either treatment arm [53] . Subsequent preclinical studies established ARQ197 as a microtubule inhibitor, as opposed to a specific inhibitor of MET [54, 55] . Thus, an essential step in conceiving trials for non-clear cell RCC is making sure that appropriate drugs are available.
Competing research priorities may also complicate a focus on non-clear cell disease. As is the case currently, trials for clear cell disease may dominate the research agenda for both commercial and non-commercial research groups. To this end, several entities have released position statements that highlight the need for non-clear cell trials. The European Association of Urology Renal Cell Carcinoma Guidelines Panel recently reported a systematic review of non-clear cell research showing a paucity of active studies in this domain [56] . The group applauded efforts such as SWOG 1500 and placed these types of the prospective evaluations of agents for specific histologies at the top of their priority list [56] .
Another challenge in clinical research may be the shifting landscape of treatments for clear cell RCC with recent data from CheckMate 214 suggesting an OS advantage with the combination of nivolumab/ipilimumab over sunitinib in the first-line setting [57] . There is biological rationale to envision activity of checkpoint inhibitors in non-clear cell RCC. Choueiri et al. have derived substantial insights from 101 patients with a variety of non-clear cell subtypes [58] . Expression levels of PD-L1 varied in this cohort, with 10% of papillary patients expressing PD-L1 in tumor cells, contrasting with 30% of Xp11.2 patients expressing PD-L1. When PD-L1 expression was assessed in tumor-infiltrating mononuclear cells, the rates of PD-L1 expression increased to 60% in papillary RCC and to 90% in Xp11.2 disease. A similar trend was observed amongst other subtypes. Already, several small datasets have emerged which retrospectively assess the activity of nivolumab in non-clear cell RCC. Koshkin and colleagues have assembled a 41 patient cohort including multiple histologies with a median PFS of 3.5 months and a median OS that has not been reached [59] . Multiple durable responses were noted. It will be critical to rapidly juxtapose the efficacy of checkpoint inhibitors in non-clear cell disease against existing treatments. One proposed idea is to add a checkpoint inhibitor arm onto the current schema for SWOG 1500.
Finally, while classification of non-clear cell RCC is currently still based on microscopic features, it is clear that there are differing molecular subsets within each subtype of RCC. While tissue-based profiling is readily accessible through multiple CLIAcertified labs, there are patients for whom biopsy is not safe or feasible. Furthermore, the genomic profile of archival tissues may not be representative of a patient's current genomic status. Our group characterized circulating tumor DNA (ctDNA) from a series of 224 patients with advanced RCC [60] . Our study confirmed dynamic changes in patients who were receiving first-line therapy versus post-first-line therapy. As a part of this report, we included preliminary data pertaining to patients bearing non-clear cell histology: papillary, chromophobe, and sarcomatoid subtypes. Several actionable mutations were noted in genes including EGFR and NF1. Furthermore, a modest subset of papillary and sarcomatoid patients demonstrated VHL mutation on ctDNA assessment, a hallmark of clear cell disease.
In summary, there are multiple obstacles that belie clinical research for non-clear cell RCC. However, it will not be sufficient simply to group together multiple subtypes of disease into one study -rather, studies must be tailored to individual histologic or molecular subtypes of RCC to maximize gain. While this approach will certainly require a concerted effort from the investigative community, the yield will be substantial for a field in which no true standard of care exists.
